We present measurements of the resonant inelastic x-ray scattering (RIXS) spectra of the CH 3 I molecule in the hard-x-ray region near the iodine L 2 and L 3 absorption edges. We show that dispersive RIXS spectral features that were recognized as a fingerprint of dissociative molecular states can be interpreted in terms of ultrashort natural lifetime of ∼200 attoseconds in the case of the iodine L-shell core-hole. Our results demonstrate the capacity of the RIXS technique to reveal subtle dynamical effects in molecules with sensitivity to nuclear rearrangement on a subfemtosecond time scale.
I. INTRODUCTION
The evolution of x-ray scattering techniques, successively, progressed along with the development of new x-ray radiation sources. The availability of hard-x-ray radiation advanced, among the rest, the field of nonresonant fluorescence spectroscopy. The underlying mechanism here involves innershell ionization and a radiative decay, which can be well described as a two-step process, so that the resulting fluorescence spectrum is independent of the incident x-ray radiation properties. In contrast, an inner-shell excitation below the ionization threshold results in x-ray emission spectra sensitive to the energy and bandwidth of the incident radiation. In this case, the absorption and emission processes cannot be treated separately and are described by a single transition amplitude. The physical process behind the resonant inelastic x-ray scattering (RIXS) consists of a resonant excitation, in which an inner-shell electron is promoted to an unoccupied orbital, leaving a hole in the core shell, coupled to a relaxation of the core-hole via x-ray photon emission.
Resonant x-ray emission spectroscopy proved to be a compelling technique for studying electronic properties of various systems. Being well established as a key tool for revealing the electronic properties of solids, 1 RIXS has also remarkably advanced in spectroscopy of isolated atoms and molecules using third generation synchrotron radiation facilities. For example, it was demonstrated that a dynamical symmetry breaking in molecules occurring on the time scale of the core-hole lifetime can be studied due to the symmetry dependence of the x-ray emission intensities on the selection rules. 2, 3 Polarization and anisotropy of x-ray emission can be used to study orbital components, bond directions, and molecular orbital symmetries. [4] [5] [6] Recently, molecular-field effects a) Author to whom correspondence should be addressed. Electronic mail: tatiana.marchenko@upmc.fr.
on the electronic structure of isolated molecules have been observed in the polarization dependence, 7, 8 double ionization cross section, 9, 10 and electronic state interferences.
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Besides the remarkable sensitivity of RIXS as a probe of the chemical environment of the selected atom in a molecule, a complementary insight into the interaction of molecules with external radiation can be obtained considering the dynamical aspect of the RIXS spectroscopy. Our previous studies on chlorine compounds showed that RIXS spectral features carry information on nuclear dynamics in a molecule upon core-hole excitation. Nonlinear dispersion and a significant narrowing of inelastic emission lines around the resonant excitation were shown to reflect molecular bond elongation. 12, 13 The time scale of the nuclear dynamics, occurring in competition with the core-hole relaxation, is determined by an effective photon scattering time reaching its maximum value, the natural lifetime of the core-hole exactly at the resonance energy. 14, 15 An analysis based on ab initio potential-energy calculations and simulations of the wave packet propagation along the potential-energy surfaces upon resonant excitation of the Cl K-shell demonstrated the sensitivity of RIXS spectral features to the nuclear motion on a sub-Ångström scale in the time interval set by the natural lifetime of 1 fs. Pushing further the time limit we aim to challenge the capacity of the RIXS technique as a tool to detect subtle dynamical effects in molecules.
II. EXPERIMENTAL DETAILS
In this paper we present results of RIXS measurements of the gas-phase iodomethane (CH 3 I) performed at the ID26 beamline at the European Synchrotron Radiation Facility (ESRF). The experimental setup is described in detail in Ref. 16 . Essentially, a linearly polarized focused beam with 250 × 50 μm 2 cross section passes through the stainless steel gas cell separated from the vacuum by 12.5 μm thick kapton windows and filled with CH 3 I vapor at pressure of ∼400 mbar. The sample absorption was measured by a photodiode after the beam has passed through the gas cell. Scattered photons were collected in the polarization plane at 90
• with respect to the direction of incoming light employing a crystal spectrometer in Johansson geometry with a 500 mm Rowland circle radius. The second order reflection of a quartz (1010) crystal was used and the diffracted photons were detected with a thermoelectrically cooled (−40
• C) CCD camera with 22.5 × 22.5 μm 2 pixel size. The incident radiation with full width at half maximum (FWHM) of ∼0.14 eV was tuned with a step of 0.2 eV close to I L 2 (4849-4864 eV) and L 3 (4555-4569 eV) edges across the energy region of 2 p 1 / 2,3 / 2 resonant inner-shell excitation. Three series of RIXS spectra were acquired corresponding to the 3d 3/2 → 2 p 1/2 (L 2 -M 4 , 4162-4260 eV), 3d 5/2 → 2 p 3/2 (L 3 -M 5 , 3890-3970 eV), and 4d 3/2,5/2 → 2 p 3/2 (L 3 -N 4,5 , 4435-4572 eV) transitions with a total instrumental resolution of ∼0.65 eV determined from the FWHM of the measured elastic peak. The transitions considered exhibit a similar qualitative behavior with the incoming photon energy and the conclusions of an analysis presented below equally apply to all our experimental data. In the following we therefore, concentrate on RIXS spectra recorded in the vicinity of the I L 3 edge.
For comparison, RIXS measurements of the gas-phase chloromethane (CH 3 Cl) were also performed at the same setup at the ID26 beamline at the ESRF. A series of Cl K-L RIXS spectra were recorded across the energy region corresponding to resonant excitation of Cl 1s electron to the lowest unoccupied molecular orbital (LUMO) 8a 1 with a total instrumental resolution of ∼0.55 eV.
III. RESULTS AND DISCUSSION
For an overview of our experimental results, it is convenient to present the recorded RIXS spectra in a contour plot as a function of the incident photon energy ω and the emitted photon energy ω in the absorption edge region (Fig. 1) . The spectra are normalized to the photon flux, which was regularly monitored during the acquisitions. Several characteristic contributions can be distinguished in the contour plot. A well-resolved emission line dominating the RIXS spectra at the incident photon energies below 4560 eV, corresponds to the 4d 3/2,5/2 → 2 p 3/2 (L 3 -N 4,5 ) transition following the excitation I 2 p 3/2 → 15a 2 1 to LUMO. The cross around the incident photon energy 4559.2 eV marks the resonant excitation energy that corresponds to the absorption maximum and to the highest intensity of the L 3 -N 4,5 emission line. As the incident photon energy increases beyond the absorption maximum, the intensity of the resonant L 3 -N 4,5 emission line drops and additional lower energy emission lines appear in the RIXS spectra. These tightly spaced, multipeak structures are due to resonant population of Rydberg states with a characteristic linear dispersion of the corresponding emission lines. 11 Further increase of the incident photon energy leads to the dominance of the energy independent contribution, which indicates the excitation to the continuum with an onset of the fluorescent emission. The arrow around 4565 eV shows the onset of fluorescence corresponding to an approximate position of the CH 3 I ionization threshold.
In order to gain an insight into the evolution of the RIXS spectra across the absorption maximum, the shape and the dispersion of the resonant L 3 -N 4,5 emission line with the incident photon energy are explored. Figure 2 shows three slices through the contour plot, which present emission spectra recorded at the incident photon energies above, below, and at the resonance, as marked in Fig. 1 . Let us denote the resonant absorption frequency by ω co and the transition frequency from the ground state to the final molecular state by ω f o . The emission spectra are plotted in Fig. 2 on the relative emitted photon energy scale as a function of , where = ω − ω c f is the detuning of the emitted photon energy from the resonance emission energy ω c f = ω co − ω f o (Fig. 3) . In this representation, the emission line peaking at = 0 corresponds to the spectrum recorded at the resonant incident photon energy, as labeled by = 0, where = ω − ω co is the detuning of the incident photon energy from the resonance energy ω co . The emission lines recorded above and below the resonance are labeled with the positive and negative values of , respectively. The peak positions of the emission lines are also labeled in the graph. The uncertainty of detuning of the incident and the emitted photon energy is of the order of 10 meV, as estimated from the stability of the beamline and the spectrometer setting. From the values provided in the labels one can see that the displacement of the L 3 -N 4,5 emission line with respect to the resonant line does not exactly follow the detuning of the incident photon energy from the resonant excitation, resulting in a nonlinear dispersion. The dashed lines in Fig. 2 show the expected positions of the emission lines for the linear dispersion. The deviation from the linear dispersion was observed in our earlier experiments in chlorine compounds, 11, 12 and the reason for the relatively weak but clearly discernible manifestation of this effect in the CH 3 I molecule is discussed below.
The spectral shape, in particular the width of a RIXS emission line is an essential observable, as along with the line dispersion, it carries information on the evolution of the molecular environment upon the excitation. Generally, the spectral shape of RIXS emission line depends on several factors: the lifetime broadening, the dipole transition matrix elements between molecular states, and the instrumental function. The double differential cross section for RIXS is given by the Kramers-Heisenberg formula 15, [17] [18] [19] 
where denotes the FWHM of the natural lifetime broadening of the core-excited state and D is the electric dipole operator. When the dipole transition matrix elements are independent of the nuclear coordinates, one may factor out the overlap of the wave functions pertaining to the nuclear degrees of freedom for each pair of states connected by the transition. Therefore, in the numerator of Eq. (1) 
Here is the half width at half maximum of the FC distribution connecting the ground and the core-excited state. For an adequate comparison with the experimental results the theoretical cross section (2) is convoluted with Gaussians describing the beamline and the x-ray spectrometer instrumental function. The analytical expression (2) is fully applicable to the case of the Cl K-L emission in HCl, where according to ab initio calculations the dissociative potential surfaces of the core-excited and final states are nearly parallel. 12 In the present case of I L-M and L-N emission, the corresponding calculations are not available. However, using Eq. (2) as a parametric functional form we obtain a good quantitative fit of the experimental L 3 -N 4,5 emission line as demonstrated in Fig. 2 . Therefore, in the following we assume that the intermediate and the final-state dissociative potentials are parallel.
In order to explore the evolution of the L 3 -N 4,5 emission line across the resonance we monitor the position of the peak intensity and the FWHM of the line with the incident photon energy. Figure 4 shows the dispersion and the FWHM of the L 3 -N 4,5 emission line in CH 3 I and of the Cl K-L emission line in CH 3 Cl as a function of the incident photon energy detuning from the resonance. The error bars indicated on the graphs in Fig. 4 are related to the extraction of the dispersion and the FWHM values from the experimental spectra. We obtain an excellent quantitative agreement of the experimental data with the results of the simulations using Eq. (2). However, a qualitatively different behavior is observed for CH 3 I as compared to CH 3 Cl. While in CH 3 Cl dispersion of the peak position is strongly nonlinear around the resonance, CH 3 I shows a small deviation from the linear dispersion [ Fig. 4(a) ]. This is further illustrated in Fig. 4(b) where the peak position is plotted with respect to the linear dispersion, and a deviation from the zero indicates the presence of nonlinear dispersion in both molecules. The FWHM of the emission line exhibits a significant narrowing at the resonance in CH 3 Cl, whereas in CH 3 I the line width hardly changes across the Table I . Note that the values of the FC factor were determined by fitting Eq. (2) to the experimental data. The RIXS spectral features show a strong sensitivity to the FC factor providing a fitted value with an estimated error of less than 5%. Thus, within the limits of applicability of Eq. (2) the value of the FC factor can be determined with a reasonable accuracy from the experimental RIXS data without a necessity to perform challenging ab initio calculations.
In the CH 3 Cl molecule the width of the vibrational broadening is larger than the width of the natural lifetime broadening of the Cl K-shell core-hole. In this regime the shape of RIXS emission line away from the resonance is dominated by the dynamical broadening reflected by the FC distribution. Near the resonance, however, the dynamical broadening is quenched and the width of the line is determined by the natural lifetime broadening, resulting in a significant line narrowing at the resonance energy. In the case of the CH 3 I molecule, the natural lifetime broadening of the I L-shell core-hole is about two times larger than the FC width. Under such conditions the quenching of vibrational broadening at the resonance has no strong effect on the line narrowing. The time-independent and the time-dependent descriptions of resonant Raman scattering (radiative or nonradiative) are equivalent and provide equally good agreement with the experimental observations. 15 However, the physical meaning of the nonlinear dispersion of the emission lines becomes transparent if we consider the dynamical aspect of the RIXS process. Generally, the relaxation of a core-hole upon resonant excitation competes with the process of nuclear rearrangement triggered by the photon absorption. This interplay can be described using a concept of an effective scattering time τ eff = 1/ √ 2 + 2 (Refs. 14 and 15). The effective time delay of the photon emission with respect to photon absorption takes the maximum value of −1 at the resonant energy, where = 0. Therefore, the largest effect of the nuclear dynamics is expected at photon energy tuned to the resonance energy, where the scattering time is long enough to allow for the nuclear rearrangement to take place before the core-hole decay. In this case, a part of the excitation energy is transferred into the nuclear motion, which is manifested by the nonlinear dispersion. Away from the resonance the scattering time is shortened, the nuclei are effectively frozen, and the linear dispersion of the emission line is recovered. A deviation from linear dispersion is strongly pronounced in the CH 3 Cl data (Fig. 4) , where the ∼1 fs natural lifetime of the Cl K-shell core hole allows for the occurrence of considerable nuclear dynamics. However, in the case of the CH 3 I molecule, no significant nuclear motion can occur in the time interval determined by the iodine L-shell core-hole lifetime (0.23 fs). The scattering time is short even for = 0, and practically no energy can be transferred to the nuclei before the photon is emitted. As a consequence, only a slight deviation of the emission line from the linear dispersion is expected.
The variations of line shapes, widths, and positions observed in our measurements are qualitatively similar to the ones resulting from convolutions of Gaussian spectral and spectrometer functions with a core-excited resonance having a Lorentzian profile, common to atomic, molecular, and solid-state resonant Raman spectra. 21 However, in the present measurements the instrumental contribution to the spectra is rather small (on the order of 10% and 2% for CH 3 Cl and CH 3 I, respectively) due to the narrow spectral bandwidth of the incident radiation and relatively large natural widths. Therefore, the observed nonlinear dispersion and the line width modulation are largely due to the dynamical effects, accounted for by the Gaussian term in Eq. (2) for the RIXS cross section and are specific to the dissociative processes in molecules.
A good quantitative agreement obtained between the experiment and the fit based on the approximate parameterization encourages the use of Eq. (2) to illustrate the role of the natural lifetime in description of the RIXS spectra. Figure 5 shows the emission line dispersion and the corresponding FWHM as a function of the incident photon energy detuning for a series of emission lines calculated using Eq. (2) for various ratios of lifetime broadening to FC factor. The cross sections are convoluted with the Gaussian instrumental function with FWHM equal to 0.6 eV. The value of the FC factor is kept constant (2 = 1 eV FWHM). One can see that for a relatively long-lived inner hole, where /2 < 1, the dispersion is strongly nonlinear and the linewidth of the RIXS emission line experiences a substantial narrowing around the resonance. This regime, characteristic of the Cl K-shell excitation, corresponds to the occurrence of significant nuclear dynamics in a molecule. When /2 > 1, the dispersion tends to a quasilinear dependence and a modulation of a RIXS line width across the resonance is strongly reduced. In this regime, characteristic of the I L-shell excitation, an ultrashort natural lifetime limits the onset of nuclear dynamics and the FWHM of a RIXS line is only weakly affected by quenching of the vibrational broadening. Note that although the variation of the FWHM value around the resonance falls below 10% at /2 = 3, the observable narrowing can serve as an indicator of a dynamic process taking place in a molecule on the time scale determined by the natural lifetime of ∼0.2 fs. Thus, an ultrafast molecular dynamics is revealed through a subtle modulation of RIXS spectral features, particularly by the narrowing of the emission line in the resonance energy region.
IV. CONCLUSIONS
Resonant Raman scattering can be equally well described using both the time-independent and the time-dependent approaches. In this paper we aim to demonstrate how the highresolution spectroscopic measurements can provide insight into the ultrafast molecular dynamics, using a link between the energy-and time-domain measurements that provides a clear physical interpretation of the problem. Here we discuss sensitivity of RIXS spectroscopy to small variations in molecular geometry upon photon absorption on a subfemtosecond time scale determined by the core-hole lifetime.
To conclude, we have measured a series of RIXS spectra of the CH 3 I molecule in the hard-x-ray region near the iodine L 2 and L 3 absorption edges. A previously unexplored regime characterized by an ultrashort natural lifetime of an iodine L-shell core-hole reveals dispersive RIXS spectral features that were recently recognized as a fingerprint of dissociative molecular states. It was shown that the nuclear dynamics induced in a molecule upon core-hole excitation and reflected in the RIXS spectra, is limited by the time scale imposed by the natural lifetime of the core hole. In the case of the CH 3 I molecule, the natural lifetime of ∼200 attoseconds of the iodine L-shell core-hole sets a limitation to the occurrence of nuclear dynamics. Nevertheless, a slight deviation of the RIXS spectral features around the resonance observed in CH 3 I demonstrates a large sensitivity of RIXS spectroscopy to nuclear rearrangement in a molecule, extending its application to the subfemtosecond time range.
